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Abstract

RNA interference (RNAi) has become a powerful genetic approach to systemically dissect gene function on a genome wide scale. Double stranded RNA (dsRNA) mediated gene silencing has been proven as a potential approach to control several insect pests including fruit fly, nematode, cotton bollworm, and corn rootworm. RNA interference (RNAi) induced by hairpin RNAs are new line of defence against coleopteran and lepidopteron pests. It was shown that insect larvae fed with plant material expressing dsRNA for the insect genes triggered the RNAi pathway in insect larvae and blocked the expression of target genes. The resulting reduction in larval growth and subsequent death has opened up new options for insect control involving the insect genes perse. Hence, protein targets for insect control strategies can be minimized or completely ignored. Prospecting for novel resistance mechanisms depend on the plant generating an effective form of double-stranded RNA in the absence of an endogenous target gene without detrimental effect to itself. Although the amazing popularity of RNAi as a biotechnology tool is certainly justified, the underlying biology is still being worked out and the relative advantages and disadvantages of the approach are being efficiently addressed using emerging Bioinformatic tools and many genome sequences. In this review we would like to highlight the attempts of pest control using gene silencing or RNAi technology, few strategies, target genes for RNAi in insects, target site of action, and probable likely targets for RNAi in insects and plants for potential durable pest resistance mechanisms. 
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Introduction 

With the growing population, there is a continuous need to increase food production. One strategic way to increase food production would be to increase the yield in crops by minimizing the pest associated losses. There has been enormous competition between plants and pests since millions of years. Insect pest management took a new deviation with the advent of transgenic crops developed expressing cry genes from Bacillus thuringiensis. Numerous Bt strains producing various endotoxins are in commercial use as conventional sprayable formulations and transgenic crops in a number of of developed and developing countries. However, development of insect resistance to transgenic crops producing Bt toxins poses a major threat to their sustainable use in agriculture. Therefore there is a need for alternate pest control strategies. The late ninties marked the beginning of novel technology, RNAi. Ever since, the technology is being extended as a provision of valuable crop traits like resistance to viruses, bacteria and nematodes. The ability of the RNAi technology for the development of insect resistant transgenic plants would be a very useful alternate pest control strategy. Our emphasis in this review is to elaborate on the utility of RNAi as strategy for pest control. 


RNai an Emerging Tool in Biotechnology

RNAi (RNA interference) is a predominant tool in functional genomics in the recent years. It refers as post-transcriptional gene silencing in plants (Vander et al.1990) quelling in fungi (Cogoni et al. 1996) and RNA interference in animals (Fire et al. 1998). The introduction of homologous double stranded RNA (dsRNA) to specifically target a gene's product, resulting in null or hypomorphic phenotypes. This dsRNA is degraded into approximately 21-nucleotide RNAs, known as ‘small interfering RNAs’ (siRNAs). The effectiveness of RNAi for functional genomics has been demonstrated in the nematode Caenorhabditis elegans, (Louisa Mathew et,al 2004) but has yet to be fully utilized in plants. The mechanism of siRNA biogenesis and function are thought to be highly conserved in almost all the eukaryotes including plants and animals (Shanfa et al. 2004). It was discovered that presence of dsRNA, formed from the annealing of sense and antisense strands forms homologous dsRNA acts as precursor for producing the interfering activity (Fire et al., 1998). The RNA silencing pathways are all associated with small (~20 to 30nt) RNAs that function as specificity factors for inactivating homologous sequences by variety of mechanisms. The generation of endogenous RNAi from dsRNA resulting from convergent transcription (Sense-antisense RNA Base –pairing) or through transcription through inverted repeat sequences (Hairpin RNA formation) in which siRNA are produced from double stranded RNA by an RNase III termed DCL in plants (Dicer in animals) and then incorporated in to a RNA induced silencing complex (RISC) in which siRNA play a guiding role in sequence specific cleavage of target mRNAs. The siRNA signal is found to spread along the mRNA target, which results in the production of secondary siRNA and the induction of transitive RNA silencing. The artificial production and mechanism of RNAi has been shown schematically in figure 1. The most interesting aspects of RNAi are, dsRNA, rather than single-stranded antisense RNA as the interfering agent is highly sequence specific and remarkably potent (only a few dsRNA molecules per cell are required for effective interference). The interfering activity (presumably the dsRNA) can cause interference in cells and tissues far away from the site of introduction. 


Figure 1. A schematic representation of the production of dsRNA from a RNAi vector. Specific promoter, inverted repeats and an intron spacer are used to produce the best RNAi effects.
RNAi has been exploited in plants for applications ranging from functional genomics to provision of valuable crop traits, such as resistance against viruses, bacteria and nematodes. Despite having been considered for many years, application of RNAi technology to give resistance to herbivorous insects has been realized.
Conventionally, antisense-mediated gene silencing has been widely used in the analysis of gene function in plants. Although antisense-mediated gene silencing is an RNAi-related phenomenon, hpRNA-induced RNAi has been shown to be much more efficient. In a hpRNA-producing vector, the target gene is cloned as an inverted repeat spaced with an unrelated sequence and is driven by a strong promoter, such as the 35S CaMV promoter for dicots or the maize ubiquitin 1 promoter for monocots Müller 2006). When an intron is used as the spacer, which is essential for stability of the inverted repeat in Escherichia coli, the efficiency becomes very high with almost 100% of transgenic plants show gene silencing. RNAi can be used against a vast range of targets; 30 and 50 untranslated regions (UTRs) as short as 100 nt could be efficient targets of RNAi. RNAi pathway is an innate immune pathway of invertebrates such as nematodes, trypanosomes, hydra, planaria and insects (Bosher et al. 2000). It has been reported that RNAi functions as a gatekeeper in mosquitoes, modulating arbovirus replication to allow virus transmission but preventing virus concentrations that could lead to fitness costs and pathogenic effects. Consequently, RNAi is potentially a major factor determining the vector competence of mosquitoes for arboviruses (Khoo et al. 2010). Although RNAi is not a knockout but a knockdown technology, its high efficiency and ease of application makes it applicable to genome-wide analysis of gene function. In plants, RNAi is often achieved by a transgene that produces hairpin RNA (hpRNA) with a dsRNA region (figure 1). Artificial production of RNAi in plants using genetic engineering have led to development of strategies to silence the plant genes or foreign target genes by producing small dsRNA. Several Bioinformatic software’s are available these days to design and predict the gene sequence for RNAi against target mRNA. 
The delivery methodology in the majority of insect studies has been microinjection of nanogram amounts of dsRNA, synthesized in vitro, into the insect haemoceol (Dzitoyeva, S. et al. 2001). This method of delivery contrasts with the situation in C. elegans, where RNAi effects can be produced by feeding bacteria expressing dsRNA (Fire et al.1998 Timmons, et al. 2001), or even by soaking nematodes in dsRNA solution (Tabara, H. et al 1998). Microinjection of dsRNA in insects was considered to be necessary to produce RNAi effects because the complete genome sequence for D. melanogaster (and, subsequently, for other insects) has shown that they lack genes encoding RNA dependent RNA polymerase (RdRP). RdRP is the enzyme necessary for the siRNA amplification step that leads to persistent and systemic RNAi effects (Sijen, T. et al. 2001). The absence of RdRP in insects predicts that any effects of RNAi will be limited to cells that have taken up dsRNA and will require continuous input of dsRNA to persist. Injection of dsRNA into the body cavity, where it can circulate through the haemolymph, allows short-term effects on gene expression in most cells can be assessed. In animals and especially in insects, RNAi is usually accomplished by injection of double-stranded RNA (dsRNA), but in nematodes it may also be triggered by a diet containing dsRNA. 


RNai in Insects

RNAi is regularly applied in the field of entomology to study the RNAi mechanism and the function, regulation and expression of gene cascades, mostly in Drosophila melanogaster, Tribolium castaneum and Bombyx mori (Figure 2) (Huvene et al.2010). The laboratory experiments have been conducted in which dsRNA is injected directly in the organism, which is not applicable to control insect pests in the field. For efficient insect control, the organism should be able to autonomously take up the dsRNA, through feeding and digestion in the gut. The insect gut is divided into three regions; foregut, midgut and hindgut. Of these the first two are the initial oral regions of the insect and are chitin-lined, so that their surfaces do not present areas of exposed cells (although receptors and transporters are present to allow processes such as taste recognition in the mouth cavity and water transfer in the hindgut to occur). The midgut itself is responsible for nutrient absorption, whereas excretion and water balance take place primarily in the Malpighian tubules attached to the hind end (Daniel and Gatehouse 2008) The insect midgut consists of a single layer of columnar cells with microvilli, endocrine cells, and stem cells at the base, grouped in the so-called nidi. The midgut is designed to absorb nutrients from the gut lumen with its large absorption area created by the microvilli, with many channels and endocytosis apparati (Hakim et al., 2010). 
In recent years new insights into the dsRNA uptake mechanisms in insects has been studied with emphasis on uptake through midgut and in body tissues. RNAi can be divided in to cell-autonomous and noncell- autonomous RNAi. i) In case of cell-autonomous RNAi, the silencing process is limited to the cell in which the dsRNA is introduced/expressed and encompasses the RNAi process within individual cells, dsRNA is cleaved by a RNase III, often called Dicer, into 21–25 nt-long short interfering RNA duplexes (siRNA). These siRNAs are incorporated in the RNA induced silencing complex (RISC); after discarding the passenger strand, the RISC will bind to a homolog mRNA, cutting it and thereby hindering translation. ii) In case of non-cell-autonomous RNAi, the interfering effect takes place in tissues/cells different from the location of application or production of the dsRNA. There are two different kinds of non-cell-autonomous RNAi: environmental RNAi and systemic RNAi (Whangbo and Hunter 2008, Hunter 2007). In environmental RNAi dsRNA is taken up by a cell from the environment. Therefore, this process can also be observed in unicellular organisms. Systemic RNAi can only take place in multicellular organisms because it includes processes in which a silencing signal is transported from one cell to another or from one tissue type to another. In multicellular organisms environmental RNAi can be followed by systemic RNAi. 
For the efficient application of RNAi in insect control, researchers should focus on non-cell-autonomous RNAi. The insect will have to internalize the dsRNA of a target gene through feeding. In order to silence the target gene, this dsRNA must be taken up from the gut lumen into the gut cells, representing environmental RNAi. If the target gene is expressed in a tissue outside of the gut, the silencing signal will also have to spread via cells and tissues, which is systemic RNAi. The two good examples for the dsRNA uptake in insects are the transmembrane channel-mediated uptake and endocytosis – mediated uptake. More detailed information on these two mechanisms are been reviewed by Huvenne et al. (2010). 


Figure 2. Mechanism of RNAi in insects. The dsRNA produced from the plants enters into the insect midgut. The midgut epithelial cells recognizes the dsRNA, cleaves the target mRNA and degrades it thereby killing the insect.

RNA- Mediated Crop Protection Against Insects

Despite the start of RNAi a decade ago, the application the technology to give resistance to herbivorous insects has only been realized recently. Among transgenic approaches to insect pest management, Bacillus thuringiensis (Bt) toxins has shown magnificent success. The Cry family of Bacillus thuringiensis insecticidal proteins is widely utilized in spray formulations and transgenic approaches to control insect pests (Karl HJ Gordon et.al 2006). In 2007 two reports published in nature biotechnology described transgenic plants producing dsRNAs directed against insect genes. These plants showed resistance against cotton bollworm(Helicoverpa armigera: Lepidoptera) and Western corn rootwarm(WCR: Diabrotica virgifera virgifera Leconte: Coleoptera) which are the major economically important agricultural pests (figure3). The success behind this approach is i) Identification of specific target gene for RNAi and Development of a suitable construct for expression in planta. 
ii) Expression of dsRNA in planta and delivery of sufficient amounts of intact dsRNA for uptake by the insect (Daniel et al 2008).
Mao et al. 2007 identified a cytochrome P450 gene (CYP6AE14) from cotton bollworm (Helicoverpa armigera), which permits this herbivore to tolerate otherwise inhibitory concentrations of the cotton metabolite, gossypol. CYP6AE14 is highly expressed in the midgut and its expression correlates with larval growth when gossypol is included in the diet. When larvae are fed with plant material expressing double-stranded RNA (dsRNA) specific to CYP6AE14, levels of this transcript in the midgut decrease and larval growth is retarded. Both effects are more dramatic in the presence of gossypol. Insects feeding plant material expressing dsRNA may be a general strategy to trigger RNA interference and could find applications in entomological research and field control of insect pests.


Figure 3. An overview of RNAi approaches used to develop insect resistant plants. Large dsRNA and siRNA cleavage products are expressed throughout the plant and are orally delivered to insect herbivores feeding on transgenic plant material. For gene silencing to initiate in targeted insect pests, large dsRNAs and siRNAs must persist in the insect midgut in sufficient quantities for uptake into cells.
Baum et al. first used feeding assays, in which larvae were fed an artificial diet supplemented with specific dsRNAs, to screen a large number of essential insect genes in cDNA libraries. A total of 290 potential targets were identified and corresponding dsRNAs were synthesized invitro, their effects on larval performance were determined by delivery in artificial diet feeding trails. These assays identified 14 genes whose knockdown by low levels of dsRNA resulted in insect stunting and mortality. Transgenic corn expressing one of these dsRNAs, targeted to a subunit of the midgut enzyme vacuolar ATPase (V-ATPase), showed protection against WCR infestation comparable to that provided by a Bt transgene. When dsRNAs designed to target WCR genes were tested on larvae from two other insect pests, mortality declined with decreasing sequence identity between the WCR genes and their orthologs in the other species, indicating that gene silencing was potentially very selective.
In turn, insects have several, often large families of enzymes (P450s, glutathione S-transferases and carboxylesterases) able to detoxify plant chemical cocktails. Some of these have been implicated in the evolution of pesticide resistance, for example through tissue-specific transcriptional upregulation. Such genes are attractive targets for applying the ingestible dsRNA approach to managing resistance against plant allelochemicals or insecticides. Indeed, Mao et al. 2007, have corroborated the conclusion of Baum et al.2007 that the strategy works for multiple midgut-expressed genes in rootworms by demonstrating silencing of a glutathione S-transferase gene in bollworm. These findings strongly suggest that plant-delivered silencing of insect-detoxifying genes could be a powerful strategy for controlling insect pests.
A dsRNA-based in vivo delivery system was tested on model organism, Reticulitermes flavipes, the most common subterranean termite in North America. In an effort to test target genes with pest control potential, a nutrition-related cellulase gene (Cell-1) and two soldier-inhibitory hexamerin genes (Hexa-1 & 2) were checked. Suppression of these target genes impacted vital biological processes of termites including but not limited to feeding, juvenile hormone modulation, development, and differentiation (Bakhetia, M. et al 2005.). Eventually, these biological impacts led to individual death and / or compromised fitness. In addition, the information regarding dsRNA stability, an oral delivery system and validation of gene silencing effects can be found in the same review. 
Further we discuss few reported RNAi cases in different organisms targeting different organs in insects. However to date, RNAi has only been successfully demonstrated in a small number of Lepidoptera. Aminopeptidase N from Manduca sexta was the first molecule to be tentatively identified as a cry toxin-binding protein. This amino peptidase was silenced and decreased sensitivity towards the binding of cry1C protein was observed (Rajagopal et al., 2002).
The functional contribution of cloned subunits to insect nicotinic acetylcholine (ACh) receptors has been difficult to determine using heterologous expression. Therefore, the subunit composition of naturally expressed functional receptors was studied using RNA interference. The nicotinic alpha subunit, Manduca ACh Receptor Alpha 1 (MARA1) can be detected in neuronal cultures isolated from the ventral nerve cord of fifth instar larvae of Manduca sexta by in situ hybridization. It's presence correlates with large ACh induced, Ca2+ responses. The expression of MARA1 is downregulated by treatment with dsRNA which significantly reduced both the number of responding cells and the amplitude of remaining Ca2+ responses (Vermehren et al., 2001).
Hemolin from the Giant silkmoth, Hyalophora cecropia, identified as a bacteria-inducible molecule and a member of the immunoglobulin superfamily, is present in oocytes and embryos. Bettencourt et al., 2002 used RNA interference (RNAi) to investigate H. cecropia gene function in vivo and demonstrated that Hemolin is crucial for the normal development of embryos. When RNAi-females were mated, no larvae emerged from their eggs and when dissected, the eggs revealed malformed embryos.the silencing of Hemolin gene expression leads to embryonic lethality.
In Bombyx mori (Quan et al., 2002), injection of double-stranded RNA (dsRNA) corresponding to the silkworm white gene (Bmwh3) into preblastoderm eggs of the wild-type silkworm induced phenotypes similar to those observed with mutants of the white egg 3 locus. The induced phenotypes were characterized by the presence of white eggs and translucent larval skin. Similarly in Grasshopper, injection of dsRNA corresponding to the eye colour gene vermilion into first instar nymphs triggered suppression of ommochrome formation in the eye lasting through two instars equivalent to 10–14 days in absolute time, which concludes that systemic dsRNA application elicits specific and long term gene silencing in juvenile grasshopper instars (Ying Dong et.al 2005).
Fabrick et.al 2005, demonstrated that RNAi can be utilized in the lepidopteran, Plodia interpunctella. A cDNA for tryptophan oxygenase was cloned and it was seen that silencing of tryptophan oxygenase through RNAi during embryonic development resulted in loss of eye-color pigmentation in lepidopteran insects. Members of the tryptophan oxygenase family are highly conserved, which was predicted by comparison with genomic sequences from Drosophila melanogaster, A. gambiae, and T. castaneum. 


Conclusion

The use of RNAi technology in the protection of crops is now being demonstrated. However, like any other upcoming technology, the RNAi strategy for pest control also has advantages and disadvantages. The technology is advantageous because,

	The technology has helped in identification of a new set of targets which can be used in the control of pests. Because these targets have previously not been identified, there should be no acquired resistance in the pest species. 
	The double stranded RNA used in RNAi against the novel targets is a biodegradable product as compared to the known chemically synthesised pesticides, such as DMSO etc. The biodegradable nature of the constructs makes them more environmentally sound.
	In contrast to conventional pesticides, no professional assistance would be required in order to treat the relevant areas, due to the more safe nature of the DNA and RNA constructs, compositions and host cells of the invention.
	Minimum disruption of human activity would be required since the double stranded RNA region containing constructs are designed such that they will have no adverse effects or only minor effects on gene expression outside of the target pest population.
	Although sufficient insight has been gained in terms of uptake mechanisms, it still needs to be proven even though the feeding experiments are very promising. There are still many challenges to overcome in this new exiting field of dsRNA exploiting the application of RNAi for the control of pest management. 

However, in the course of popularizing this technology, one has to focus on certain aspects.

	The RNAi mediating dsRNA has to match the target with a high degree of nucleotide sequence identity in order to effectively down regulate expression and thus control the pest. Thus, specificity can be achieved by designing double stranded RNA molecules in which one strand has high homology to the target sequence but which strand has only low homology to the orthologous sequence in a mammalian species, such as a human. This specificity is greater than can be achieved with conventional chemical pesticides.
	RNAi does not necessarily provide an immediate effect in terms of killing the pest, rather the effects are mediated effectively but require time for the double stranded RNA to be associated with its target. The RNAi effect may result in killing the pest at a later moment and not directly upon contact, such as Noviflumuron (which is a chitin synthesis inhibiter). Thus, the use of RNAi may allow more facile control of large infestations of pests such as insects and/or arachnids because there is less chance of a shock effect being propagated amongst the pests where they may encounter a large number of dead pests in the vicinity of the insecticide and/or arachnicide (James, C 2006). 
	The use of multiple targets at the same time may provide more efficacious control of pest populations and reduce the possibility of acquired resistance. The targets may be common to a number of pest species providing broad scale treatment.
	Insect neuroendocrine genes like AChE (acetyl choline esterase), prothoracicotropic hormone (PTTH) (Xu Jun 2007), Ecdystetroid UDP-Glucosyltransferase genes (Yan-Hang 2007) can be the target sites for the RNAi mediated gene silencing.
	This technology can be exploited towards resistance against sap-sucking homopteran pests such as aphids, leafhoppers and whitefly where Bt approaches have been proved difficult.

Before these exciting possibilities can be realized, some significant challenges remain.
Are all detoxifying genes equally amenable to this approach? Will this technology extend to other insect groups? Will ingestible RNAi be circumvented by sequence polymorphisms in pest populations? Will the success seen in the lab translate into effective pest control in the field? 
For WCR at least, there is reason for optimism, as the assay involved measuring root damage on the crop itself. Nonetheless, the long-term effectiveness of the approach will need to be established. Likewise, the bollworm studies await rigorous assessment of how effectively cotton plants are protected. Despite these questions, there is no doubt that researchers and farmers have grounds to look forward to a new era in insect pest control.
To fully capitalize on the potential of RNAi, we need to become better at predicting and controlling its effects. RNA interference induced in insects after ingestion of plant-expressed hairpin RNA offers promise for managing devastating crop pests. Transgene–encoded ingestible dsRNA may one day stand alongside Bt transgenes in insect management programs.
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